The response of lipid membranes to changes in external pressure is important for many biological processes, and it can also be exploited for technological applications.
Introduction
Pressure is one of the most important environmental factors for living organisms; growing attention is being devoted especially to the effects of high pressure on biological processes.
On the one hand, experimental studies have revealed how various organisms and tissues undergo cell damage under high pressure. [1] [2] [3] On the other hand, some bacteria and viruses have been shown to be pressure-tolerant. 4, 5 Barophilic organisms have been discovered in deep marine environments where the hydrostatic pressure can reach 1100 bar (110 MPa), a factor of over one thousand greater than atmospheric pressure; 6 in general, it is of great scientific interest to understand how life can adapt to such extreme environmental pressures.
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To study the biological impact of high pressure, researchers have investigated a range of phenomena related to pressure change, such as the inactivation of pathogens 8 or the denaturation of proteins. 9 High hydrostatic pressure is also relevant to the action mechanism of anesthetics, 10 and it can be exploited for protein crystallization 11 as well as for drug encapsulation and delivery. 12, 13 Moreover, the food industry has seen in recent years the emergence of pressure-based processing technologies, for example as an approach to improve pasteurization. Compared to traditional high-temperature treatments, high-pressure food processing is expected to better preserve the original organoleptic properties such as flavor and color, as well as the nutritional content.
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The lipid bilayer membrane, a key structural and functional component of cells, is regarded as one of the most pressure-sensitive biological systems. 16 Various aspects of the lipid bilayer have been observed to be altered under high pressure conditions, such as volume, fluidity, and phase transition. [17] [18] [19] [20] [21] Moreover, the folding/unfolding and aggregation processes of membrane-embedded proteins, who closely interact with membrane lipids, can also be affected by pressure changes. 22, 23 Overall, pressure effects on lipid membranes appear to be of great importance for living organisms. As a remarkable example, many bacteria have been found to modify their membrane lipid composition in response to environmental changes in hydrostatic pressure. 24 In particular, evidence collected over the past decades on deep sea organisms suggests that the increased deep sea hydrostatic pressure selects for a higher ratio of unsaturated fatty acids in the lipid membrane. [25] [26] [27] [28] Unsaturated fatty acyl chains in membrane phospholipids are characterized by one or more double bonds, which induce more disordered conformations, ultimately maintaining membrane fluidity (an essential condition for most biological functions) even under high pressure. In particular, it has been shown experimentally that a bi-unsaturated 16:0-18:2 PC (PLPC) bilayer shows greater resistance to pressure-induced liquid-to-gel phase transition than a mono-unsaturated 16:0-18:1 PC (POPC) bilayer.
17
While previous experimental work has shed light on pressure-induced structural and energetic changes in relation to the unsaturation level in lipid membranes, molecular-level mechanisms are still not well understood. In practice, measuring microscopic membrane properties while simultaneously maintaining the pressure at a desired level is fraught with great technical challenges.
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As an alternative to conventional experiments, molecular simulation represents a powerful tool to study pressure effects on lipid membrane systems, thanks to the ability to accurately control the simulated pressure while obtaining quantitative nanoscale measurements. [29] [30] [31] In this work, we conduct atomistic molecular dynamics simulations to study the effects of high pressure on key physical properties of lipid bilayers. In particular, we focus on two lipid types that are prevalent in biological membranes, i.e., dioleoyl-phosphatidylcholine (DOPC) and 1-palmitoyl-2-oleoyl-phosphatidylcholine (POPC). These two lipids are very similar apart from a key difference in unsaturation content, so that their response to pressure changes will also allow us to investigate the specific role of unsaturation in determining related changes in physical properties. Specifically, DOPC has two unsaturated chains each containing a C-C double bond, whereas POPC has one such mono-unsaturated chain (as DOPC) while the other chain is fully saturated (all C-C linkages are single bonds). By comparing the changes induced by increasing the pressure on bilayers comprising these two representative lipid types, we aim to provide a systematic understanding of the role that unsaturation plays in the membrane response to increased pressures. In particular, we simulate the two bilayer systems at the standard atmospheric condition of 1 bar and at the higher pressure level of 1000 bar, under which both the DOPC and POPC bilayers still remain in the fluid L α phase (which is the biologically relevant phase). At each of these two pressures, a series of structural, dynamical, mechanical, and electrostatic properties are measured and compared.
While research on lipid bilayers at standard atmospheric condition has been extensive, to our knowledge this is the first simulation study investigating high pressure effects on bilayer properties using fully atomistic models. The few previous simulations of lipid bilayers at high pressure were conducted with either united-atom or coarse-grained models. 32, 33 In this work, we simulate all-atom models to investigate fundamental bilayer properties including lipid area, lipid volume, bilayer thickness, lipid lateral diffusivity, and deuterium order parameters. Notably, we also calculate the lateral pressure and dipole potential, two elusive and often overlooked trans-membrane profiles which have been suggested to play key roles in numerous membrane phenomena. [34] [35] [36] The lateral pressure (or stress) profile represents the distribution of lateral stresses as a function of depth inside the bilayer. Experimentally,
given the nanoscopic thickness of a typical lipid bilayer membrane, it is extremely difficult to measure internal stresses. Attempted measurements suggest significant depth-dependent variation, 37, 38 and computational modeling studies have indeed quantified lateral pressure changes on the order of several hundred bars. 39 Naturally, substantial mechanical influence on embedded molecules such as membrane proteins or permeants is expected as a consequence of the existence of the lateral pressure profile. [40] [41] [42] [43] Moreover, the lateral pressure profile underpins a number of elastic parameters, such as the spontaneous curvature and the bending rigidity, which are critical indicators of the mesoscopic phase behavior of a hydrated lipid bilayer. 18, 19, 41 For example, changes in the lateral pressure profile and related elastic properties may lead to the destabilization of cell membranes. [44] [45] [46] The dipole (electrostatic) potential profile, arising from the preferential alignment of the dipole moments of water molecules and dipolar segments of lipid molecules, is another trans-membrane property that is of great biological relevance yet also very difficult to probe by experiment. 35, 47 In this study, we investigate the sensitivity of DOPC and POPC bilayers to external pressure by evaluating the dipole potential profile as a function of depth across the bilayers.
Methods
Lipid bilayers tem contains 128 lipid molecules and is fully hydrated with 4300 water molecules (with a water/lipid ratio of approximately 33.6). 48, 49 Initial pre-equilibrated configurations were obtained from our previous studies.
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Simulation details
The bilayer systems were modelled with the CHARMM36 all-atom force field 48 and simulated with the Gromacs 5.1 software. 51 Long range electrostatic interactions were solved by the PME (Particle-Mesh Ewald) method. 52 Bonds and angles in water molecules were constrained by the SETTLE algorithm; 53 the LINCS algorithm 54 was used to constrain all other hydrogen-related bonds, with a numerical expansion up to fourth order and two iterations in every step for correcting rotational effects. With these constrained algorithms applied, the systems' total energy was well conserved at the selected timestep of 2 fs. Each of the DOPC and POPC bilayers were simulated at two pressure levels, 1 bar and 1000 bar, respectively. The Parrinello-Rahman barostat method was used, 55 with the pressure coupled semi-isotropically (isotropic in the two directions along the bilayer plane but independent to the one in the normal direction) and a coupling time constant of 1 ps. The temperature was maintained at 310 K for all systems, by applying the velocity-rescale thermostat 56 with a damping time constant of 0.1 ps. Each simulation was run for 1000 ns in total. The first 200 ns were regarded as equilibration and the following 800 ns were used for data analysis.
Data for all properties were sampled every 50 ps.
It is relevant to note that the water model employed, TIP3P, has been previously simulated under high pressures up to 4000 atm, yielding results in reasonable agreement with experiment. [57] [58] [59] In particular, referring to the density under an external pressure of 1000 atm as relevant to this work, it was calculated 59 that TIP3P only slightly overestimates the experimental value, by ∼ 0.01 g cm −3 . Regarding the self-diffusion coefficient, the TIP3P value has been shown previously 58 to be consistently more than twice larger than the corresponding experimental data over a pressure range from 0 to 4000 atm. While this is in principle not ideal, no repercussions are expected for most of the calculations reported here, as in general it is well known that increased diffusion does not affect thermodynamic properties.
The only property in this work that may be affected is the lipid lateral diffusion; however, since this property is mostly determined by lipid-lipid interactions rather than interaction with water, we expect any artefact due to increased water diffusion to be negligible.
Data analysis
The following properties were evaluated: area per lipid ( All numerical results will be presented in the format "mean ± standard error (S.E.)" unless otherwise specified.
To rigorously compare the results obtained for the two different lipid types at the two levels of external pressure studied, we carried out standard two-sample t-tests wherever appropriate; a difference between two means is considered statistically significant if the corresponding p value is less than 0.05, as per predominant convention.
Results and discussions
Structural properties
The area per lipid (A L ), volume per lipid (V L ), and bilayer thickness (d HH ) were calculated for the DOPC and POPC bilayer simulations at the two investigated pressures. Results are summarized in Table 1 . Regarding the values obtained at atmospheric pressure, our results are Table 1 : Structural properties for the simulated bilayer systems 
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Electron density profiles (ρ(z)) for both bilayers are shown in Figure 2 . It can be seen that ρ(z) for both DOPC and POPC increases across the whole depth z as the pressure is increased from 1 bar to 1000 bar, consistently with the reduction in lipid area and volume reported earlier. To better highlight differences within each membrane type, the electron density profiles at 1000 bar have also been shifted so that they overlap those at 1 bar in the water phase; such shifted curves can be seen in Figure 2 as dashed orange lines. Compared to the 1 bar curves, it can be seen that the 1000 bar shifted profiles are slightly lower at the two peaks corresponding to the lipid head groups while higher at the central trough. These differences indicate that most of the volume reduction takes place in the bilayer center (the lipid tail end region). This can be interpreted as a relatively higher resistance to volume reduction in the lipid head groups, since this region is already the densest; conversely, the bilayer is compressed more markedly in the central core, where the density is lowest (thus corresponding to highest free volume). It is relevant to note that, despite the compression brought about by the pressure increase, no chain interdigitation is observed in any of the systems studied, as indicated by the well-defined central minima in all the electron density diagrams of Figure 2 . Further confirmation of the absence of interdigitation can be found in the Supporting Information, where we report individual electron density profiles for only the chain components ( Figure S1 ).
Deuterium order parameters
Deuterium order parameters (S CD ) for acyl-chain carbon atoms computed from each investigated system are displayed in Figure 3 Overall, our comparison between S CD order parameters in DOPC and POPC shows that the less saturated POPC bilayer is more sensitive to the pressure increase, consistently with our earlier observation on lipid area, lipid volume, and bilayer thickness.
In general, the changes in structural properties from our simulations are consistent with previous theoretical understanding that increased unsaturation (as in DOPC vs. POPC) results in a stronger resistance to structural change under high pressure.
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Lateral diffusion
The bar. In summary, while high pressure markedly reduces the lateral diffusivity for both the DOPC and POPC bilayers, our results do not show specificity to the lipid type.
Lateral pressure profile
The lateral pressure profile (Π(z)) characterizes the inhomogeneous and depth-dependent distribution of lateral stresses across the bilayer. The calculation of Π(z) from molecular simulations provides nanoscale insights for the understanding of the mechanical stability of the membrane itself as well as the interactions between lipids and other biomembrane constituents (such as membrane proteins). The Π(z) profiles computed for the systems investigated in this work are shown in Figure 4 . Regarding the profiles at 1 bar, both the DOPC and POPC results are consistent with previous literature. 39, 75, 76 In particular, large positive peaks of ∼ 300 bar can be seen at a distance of ∼ 2 nm to the bilayer center, reflecting net repulsive forces primarily attributable to steric and electrostatic interactions between lipid heads and water. Proceeding deeper inside the bilayers, at a depth corresponding roughly to the glycerol groups, we can observe sharp negative troughs, which are typically explained in terms of attractive forces due to the hydrophobic effect. 41, 77 The bilayer center is instead characterized by pressure peaks that are believed to originate from loss of entropy in the chain region.
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Regarding the effect of increased external pressure, in the outer regions corresponding to the water phase and headgroup layer no significant differences are observed for both lipid types. Such a low sensitivity of Π(z) to external pressure changes in these regions has been predicted theoretically on the basis of the relatively high local density 18 (which can be seen in the electron density profiles of Figure 2 ). Deeper inside the bilayer, the large hydrophobic troughs exhibit a response to high pressure which is dependent on the lipid type. In particular, increased external pressure does not significantly alter the DOPC hydrophobic troughs, whereas the POPC troughs markedly decrease in magnitude, by ∼ 100 bar. Regarding the lipid chain region, it can be seen that the increase in external pressure brings about a significant and substantial decrease in Π(z) for both lipid types. This effect can be correlated to the increase in chain order parameters under high pressure observed earlier ( Figure 3 ). Such a relation was also found in previous studies focusing on other external factors like temperature and chain length. Overall, it is evident that the lateral pressure profile for both DOPC and POPC bilayers is affected by the external pressure, and that the effects are more pronounced for the mono-unsaturated POPC compared to the bi-unsaturated DOPC. Higher lipid unsaturation therefore reduces bilayer sensitivity to increased hydrostatic pressure; this is analogous to the behavior observed previously for a number of structural properties. Further quantitative analysis of the lateral pressure profiles, based on elastic parameters that can be derived via numerical integration, is reported in the following section.
Elastic properties
Key elastic parameters of the bilayer are connected analytically with Π(z). Specifically, the product of the monolayer bending modulus κ m and the monolayer spontaneous curvature c m 0
is equal to the first integral moment of Π(z):
where z = 0 at the center of the bilayer and z = l in the water phase. Table 2 . Our results for κ m for both bilayers at 1 bar are consistent with previous experimental and computational measurements. 69, 84, 85 Regarding the effect of high pressure, our results
show a slight decrease in κ m at the increased pressure of 1000 bar, for both bilayers. A recent experimental study 12 on DOPC, which appears to be the first and so far only direct measurement of the bending rigidity of a lipid membrane under high pressure, shows a significant increase (up to a factor of 2) for external pressures of up to 400 bar. Interestingly however, for higher external pressures of up to 800 bar, the bending rigidity is then found to decrease down to the value observed at 1 bar.
For a symmetrical bilayer, the monolayer spontaneous curvature c values to a change in pressure can be highly sensitive to the lipid type, and specifically to the level of unsaturation. In particular, the mono-unsaturated POPC is found to be very sensitive to an increase in external pressure, with a much amplified effect on κ m c m 0 compared to the bi-unsaturated DOPC, for which the change with pressure is not significant.
Dipole potential profile
The electrostatic dipole potential profiles Ψ(z) for the investigated DOPC and POPC bilayers at 1 bar and 1000 bar are shown in Figure 5 . Interestingly, in this case, it can be seen that the change in pressure does not induce any substantial change in the dipole potential of either bilayer. The absence of pressure-induced effects was confirmed by further decomposition of Ψ(z) into the individual contributions from water and lipid molecules (data not shown); these results are consistent with previous reports obtained under standard ambient pressure.
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Particularly, for both bilayers, the contribution due to water is largely positive, determines 
Hydration and permeation
To investigate more closely the interaction of the bilayers with water, we computed the individual electron density contribution for water ( Figure S1 in the Supporting Information).
The data obtained show that the response to the pressure change does not significantly alter the hydration features of the bilayer.
We also quantified the lipid headgroup orientation by calculating the angle between the lipid head P-N vector and the z-axis (i.e., the bilayer normal). The results obtained (reported in the Supporting Information) show that, for both the POPC and DOPC bilayers, the headgroup orientation does not change significantly in response to the imposed pressure increase. Incidentally, the absence of a significant effect on the headgroup orientation is consistent with the results obtained for the dipole potential, when one considers that the P-N vector is a major contributor to the overall dipole potential.
The lipid headgroups were also analyzed in terms of the average number of headgroupheadgroup and headgroup-water hydrogen bonds. Consistently with the electron density data on the headgroup hydration, no significant difference was found in the calculated hydrogen bond numbers upon increasing the external pressure (data reported in the Supporting Information).
To study the permeation of water through the bilayers, we calculated the number of water molecules crossing the bilayers during each of the 800 ns simulations analyzed. For POPC, the number of crossing events was 54 ± 8 at 1 bar and 14 ± 2 at 1000 bar, the difference being statistically significant (p = 0.04). For DOPC, the number of water crossings was 52 ± 8 at 1 bar and 33±3 at 1000 bar; in this case the difference is not statistically significant (p = 0.15).
Note that, to be able to estimate the standard errors, for each system we counted separately the crossings along the two directions aligned and anti-aligned the z axis, thus obtaining two data values for each systems.
Conclusions
In this study, we employed fully atomistic molecular dynamics simulations to investigate the effects of a high external pressure of 1000 bar, compared to the ambient value of 1 bar, on a number of key physical properties of lipid bilayer systems. In particular, we studied and compared systems comprising either bi-unsaturated DOPC or mono-unsaturated POPC lipids. With the exception of the electrostatic dipole potential profile and headgroup hydration, the properties investigated were shown to be significantly affected by the pressure increase in both bilayers. Notably, for most properties the effects are amplified for the POPC bilayer, especially in relation to lipid area, chain order parameters, lateral pressure profile, spontaneous curvature and curvature frustration energy. Regarding the structural properties, our results provide molecular-level evidence to previous theoretical understanding that increased unsaturation results in a stronger resistance to structural change in response to high pressure. 17 In particular, the existence of two unsaturated bonds (one in each tail)
in the chemical structure of DOPC explains the less pronounced mechanical response to high pressure compared to the amplified response obtained for POPC, which features only one unsaturated bond. Moreover, the change in the curvature frustration energy κ m c m 0
was also much more pronounced for POPC; specifically, it was found to be significantly and substantially above a threshold value predicted to be required in order to affect the conformational equilibria of membrane-embedded proteins, 87 whereas for DOPC we obtained a value below such threshold and not statistically significant. Thus it can be hypothesized that a change in external pressure as simulated in this work will induce a conformational change in specific proteins embedded in a mono-unsaturated POPC bilayer, while a biunsaturated DOPC bilayer would represent a control system where no conformational shift is expected; such hypothesis could be tested experimentally, for example, by considering channel proteins and measuring related permeation rates as response variables.
The lower unsaturation level in POPC with respect to DOPC seems therefore to make most physical properties of the corresponding bilayer more sensitive to high pressure. Conversely, increased unsaturation for DOPC correlates to higher resistance to changes in physical properties under increased pressure. More generally, our results provide a quantitative molecular-level basis to rationalize the experimental observation that bacteria adapted to live under high hydrostatic pressure in the deep sea are characterized by higher ratios of unsaturated fatty acids in the lipid membrane. 
Supporting Information Available
Individual electron density profiles for lipids and water, headgroup orientation data, hydrogen bonds data.
